An improved method for producing highly purified toxic shock syndrome toxin 1 (TSST-1) by preparative isoelectric focusing in a Bio-Rad Rotofor cell and then chromatofocusing is described. Purification to homogeneity was confirmed by silver staining after sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 50 ,Ig of protein was loaded), by immunoblotting with polyclonal rabbit antiserum raised against the crude culture supernatant used for purification, and by autoradiography after iodination and SDS-PAGE. Biologic activity was demonstrated by mitogenicity and cytokine induction (tumor necrosis factor alpha [TNF-a], interleukin 1-1s [IL-111, and IL-6) of human peripheral blood mononuclear cells (PBMCs) and by lethality in New Zealand White rabbits following subcutaneous infusion. In contrast to commercial preparations, our TSST-1 preparation required the presence of both monocytes and T cells for the induction of TNF-a and IL-113 from human PBMCs. A 46-kDa contaminating protein in the commercial TSST-1 preparation, identified as staphylococcal lipase, was likely responsible for the induction of TNF-a and IL-113 from human monocytes in the absence of T cells, a biologic activity falsely attributed to purified TSST-1. Our improved purification procedure for TSST-1 provides a high yield and is both more rapid and less labor intensive than previously reported methods. Furthermore, our studies clearly demonstrate the need for stringent methods of purity assessment of TSST-1 preparations before ascribing to them their potent biologic activities.
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Toxic shock syndrome toxin 1 (TSST-1) is implicated as the major cause of toxic shock syndrome (TSS) (2, 6, 14, 24, 31) . The biologic activities of TSST-1 include nonspecific mitogenicity of T lymphocytes (5), induction of various cytokines including several interleukins (interleukin-1 , IL-2, and IL-6), gamma interferon (IFN-y), and tumor necrosis factor alpha (TNF-a) from human peripheral blood mononuclear cells (PBMCs) (8, 9, 13) , suppression of immunoglobulin synthesis (30) , and enhancement of host susceptibility to lethal endotoxin shock (31) . However, the exact mechanism(s) by which TSST-1 exerts these effects remains poorly understood. The availability of highly purified TSST-1 preparations is essential for elucidating the pathogenic role of TSST-1 in TSS. Several groups of investigators have reported different purification procedures for TSST-1 (3, 4, 12, 20, 22, 26, 27, 29) . However, variations in the molecular sizes (20 to 24 kDa), isoelectric points (6.8 to 7.2), amino acid compositions, and biologic activities of different TSST-1 preparations have been reported. We previously observed considerable variability when different TSST-1 preparations from several investigators and commercial sources were examined under standard conditions and strongly emphasized the need for stringent purity assessment of TSST-1 preparations (29) . We also reported additional modifications of existing purification procedures including ion-exchange chromatography, gel filtration, reverse-phase high-performance liquid chromatography, and preparative sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (29) . However, these procedures were both labor intensive and time-consuming, while the final yield of purified TSST-1 was low (16%). Here, we * Corresponding author. report a further improved, time-efficient, and less labor intensive procedure for obtaining highly purified TSST-1. The final yield was tripled (43%), while the time requirement for purifying 10 to 15 mg of TSST-1 was shortened, from 4 weeks by the previous procedure down to 7 to 10 days by the method described here. In addition, we demonstrate that, contrary to other reports, purified TSST-1 requires T cell participation to stimulate human peripheral blood monocyte production of TNF-a, IL-1i, and IL-6 and that a contaminating 46-kDa protein, identified as staphylococcal lipase, is responsible for the induction of these cytokines in the absence of T cells. Our studies of the biologic properties of purified TSST-1 further demonstrate the need for continued vigilance and stringent methods of purity assessment for TSST-1 preparations.
MATERIALS AND METHODS
Bacterial strain and TSST-1 purification. (i) Preparation of culture supernatant. Staphylococcus aureus MN8, originally isolated from the vagina of a woman with typical menstrual TSS, was used for toxin production. All reagents and glassware used for bacterial culture and purification of TSST-1 were maintained in pyrogen-free condition to prevent endotoxin contamination (29) . Briefly, the organism was cultured for 18 h in a dialyzable brain heart infusion broth at 37°C in a controlled-environment incubator-shaker (New Brunswick Scientific, Edison, N.J.). The culture supernatant (10 liters) was centrifuged at 15,000 x g for 30 min at 4°C (L8-M ultracentrifuge; Beckman Instruments, Palo Alto, Calif.).
The spun supernatant was desalted and concentrated 10-fold by using the Amicon Spiral Cartridge concentrator (molecular mass cutoff, 10 kDa; model CH2PRS; Acrylic Reservoir RA2000; Spiral Cartridge S1 Y10; Amicon, Beverly, Mass.). (12) , in which we used ion-exchange chromatography and then chromatofocusing. This purification procedure was compared with the further improved and rapid procedure described here. Briefly, after two SP-Sephadex C-25 ion-exchange chromatography procedures, the fractions containing TSST-1 at concentrations greater than 100 ,ug/ml were pooled, dialyzed against several changes of NH4HCO3 (0.1 M; pH 7.5) for 48 h at 4°C, lyophilized, and subjected to chromatofocusing as described above. Assessment of purity. (i) Silver staining after SDS-PAGE. The purified toxin preparations were analyzed on an SDS-14% PAGE system (15 Autoradiography after iodination and SDS-PAGE. The purities of the TSST-1 preparations were further assessed by visualization after iodination and autoradiography. TSST-1, which was purified from the crude culture supernatant of S. aureus MN8, was iodinated by the modified chloramine T procedure (33) and was subjected to SDS-PAGE (160 pg of protein was loaded) as described above. At the end of the run, the gel was fixed in a solution containing methanol, acetic acid, and distilled water (4:1:5), dried, and subjected to autoradiography on Kodak X-Omat RP film with double intensifying screens at -70°C for 1 day.
Assessment of biologic activity. h later, were harvested onto glass fiber filter paper with an automatic harvester (Skatron, Sterling, Va.). Samples were counted in a liquid scintillation counter (LS1800; Beckman).
(ii) Induction of TNF-a, IL-113, and IL-6. Human PBMCs and fractionated human monocytes or T cells were prepared as described by See et al. (34) . Briefly, fresh human PBMCs were prepared as described above. Mononuclear cells were first separated into T and non-T cell populations by rosetting with sheep erythrocytes. Monocytes were then separated from B lymphocytes by density centrifugation over Percoll (Pharmacia Fine Chemicals, Dorval, Quebec, Canada). The purities of the monocyte preparations were 295%, as assessed by nonspecific esterase staining. For After washing and incubation with streptavidin-alkaline phosphatase at 37°C for 20 min, an ELISA amplification system (GIBCO/BRL) was then used to increase the sensitivity of the assay. Coloration was quantitated at an optical density at 495 nm with a Titertek Multiscan MC spectrophotometer (Flow Laboratories). The sensitivity limit of this ELISA was 62 pg/ml; no cross-reactivity was observed with human TNF-1, IL-la, IL-1,B, or IFN--y. In separate parallel experiments, this TNF-a ELISA correlated strongly with the L929 cytotoxicity assay (correlation coefficient, 0.84; n = 13; P < 0.001) (34) . Human IL-1i was quantitated by using an ELISA kit purchased from R & D Systems (sensitivity limit, 120 pg/ml). The presence of IL-6 was determined by a [3H]thymidine uptake assay with the IL-6-dependent murine hybridoma subclone B9 as described previously (1) . Briefly, B9 cells were maintained in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum-2 mM L-glutamine-8 pM human recombinant IL-6 (rh-IL-6; R & D Systems) for 3 days at 37°C in 5% CO2. Test samples or rh-IL-6 standards were added in triplicate to 96-well round-bottom plates (Falcon Labware). Then, 5 x 103 washed B9 cells were added to each well, and the plates were incubated at 37°C in 5% CO2 for 3 days. Cells were then pulsed with 0.5 ,uCi of [3H]thymidine (5 Ci/mmol; Amersham) for 6 h, harvested, and counted in a liquid scintillation counter (LS1800; Beckman). The sensitivity limit of this assay was 12.5 pg/ml.
(iii) Lethality in rabbits. The subcutaneous infusion model of Parsonnet et al. (23) was used to determine the lethal effect of TSST-1 in vivo. The purified toxin was administered to male New Zealand White rabbits (18 to 20 weeks old; R and R Rabbitry) by constant subcutaneous infusion with implanted miniosmotic pumps (Alza Corp., Palo Alto, Calif.). Six groups of rabbits were infused with various concentrations of TSST-1 over a period of 7 days. The 50% lethal dose was calculated as described by Reed and Muench (25) .
RESULTS
Comparative yield of TSST-1. The yield and specific activity of TSST-1 obtained at various stages of our current and previously established purification procedures are summarized in Table 1 . The overall yield by the current (PIEF and chromatofocusing) procedure was 42.9%, which was comparable to that by our previous (ion-exchange and chromatofocusing) procedure (42.6%). However, the new method was much less labor intensive, and the time requirement for the purification of 10 to 15 mg of TSST-1 was considerably reduced, from 4 weeks by the previous procedure to approximately 7 to 10 days by the current procedure. In a single 4-h run, the PIEF step with the Rotofor cell eliminated most extraneous proteins while retaining 53% of TSST-1 from the crude culture supernatant of S. aureus MN8 (Table 1 and Fig. 1B, lane 3) .
Purity assessment of TSST-1. The purities of our TSST-1 preparations were evaluated by several methods, as follows: (i) silver staining after SDS-PAGE (50 ,ug of protein was loaded) (Fig. 1A) , (ii) immunoblotting with polyclonal rabbit antiserum raised against the crude culture supernatant of S. aureus MN8 during various stages of purification (10 ,ug of protein was loaded) (Fig. 1B) , and (iii) autoradiography after iodination and SDS-PAGE (160 pg of protein was loaded) (Fig. 1C ). All these methods revealed one homogeneous protein (molecular size, 22 kDa). In contrast, at least eight bands (molecular size range, 15 to 50 kDa) were visualized by silver staining of the commercial TSST-1 preparation (Fig. 1A, lane 1) . Immunoblotting of the commercial preparation (purified from S. aureus FRI-1169) with the rabbit preparations by autoradiography of "2I-labeled TSST-1 purified by the PIEF and chromatofocusing method (specific activity, 2, 856 Ci/mmol; 160 pg was loaded for SDS-PAGE).
antiserum raised against S. aureus MN8 revealed at least two different weakly immunoreactive bands (molecular size range, 24 to 50 kDa) in addition to TSST-1 (Fig. 1B, lane 1) . Immunoblotting of the same preparation with pooled normal human serum revealed at least eight different bands (molecular size range, 15 to 50 kDa) (data not shown).
Biologic activities of purified TSST-1. Our TSST-1 preparations were endotoxin-free, as measured by the Limulus amoebocyte lysate test (sensitivity limit, 10 pg/ml) (17) . This TSST-1 preparation retained its biologic activity, including (i) induction of mitogenicity of human PBMCs in a dosedependent manner (Fig. 2) ; (ii) induction of TNF-a, IL-16, and IL-6 from coculture of human monocytes and T cells (mixed 1:1) ( Table 2) ; and (iii) lethality in New Zealand White rabbits following subcutaneous infusion with a 50% lethal dose of 45 ,ug/kg (Fig. 3) .
Of interest, our purified TSST-1 preparation did not induce TNF-a, IL-13, or IL-6 from human monocytes alone unless T cells were also present (Table 2 ). In contrast, as observed previously by us and others (34, 35) , the commercial TSST-1 preparation (Toxin Technology Inc.) was able to induce TNF-a and IL-1,B production in human monocytes alone in the absence of T cells (Table 2) . When the commercial TSST-1 preparation was further purified to homogeneity by a chromatofocusing step and was then incubated with human monocytes alone, little or no detectable TNF-a was found unless T cells were also present (Table 2) . Finally, two impurity peaks contained within the commercial TSST-1 preparation were eluted from the chromatofocusing column. One of these (impurity peak 1 but not impurity peak 2) was able to induce TNF-a in human monocytes in the absence of T cells (Table 2) . Impurity peak 1, a 46-kDa protein, was subsequently identified by N-terminal amino acid sequence analysis to be a staphylococcal lipase. Staphylococcal lipase was purified to homogeneity from the culture supernatant of S. aureus MN8 by a combination of isoelectric focusing in the Bio-Rad Rotofor cell and then gel filtration through a Sephadex G-75 column (data not shown). This purified staphylococcal lipase strongly stimulated the induction of TNF-a, IL-1,, and IL-6 from human monocytes alone in a dose-dependent manner and in the absence of T cells (data not shown). Since other investigators who did not use the commercial TSST-1 preparation (Toxin Technology Inc.) have also reported that T cells were not required for TNF-cx and IL-1 induction in human monocytes (21, 22) , the discrepancy between our results and those of other authors may lie in the purity of fractionated monocytes (e.g., contamination with T cells) as well as the purity of the TSST-1 preparations. To investigate this, we assessed the ability of commercial as well as our purified TSST-1 preparations to induce the production of TNF-a and IL-11 in the human monocytic cell line THP-1 (American Type Culture Collection, Rockville, Md.), which obviates the possibility of T cell contamination. Our purified TSST-1 preparations did not induce these cytokines from THP-1, whereas the commercial TSST-1 preparation did (data not shown). Furthermore, THP-1 cells and human monocytes stimulated with purified TSST-1 did not exhibit transcriptional activation of the IL-10 gene (3, 4, 12, 20, 22, 26, 27, 29 3 . Dose-dependent lethal activity of purified TSST-1 (PIEF and chromatofocusing method) in New Zealand White rabbits following subcutaneous infusion by using implanted miniosmotic pumps containing various concentrations of TSST-1. The 50% lethal dose, determined by the point of intersection of the two curves, was 45 pLg/kg of body weight. 0, rabbits that survived; +, rabbits that died. tion was less than optimal and that one of the contaminating proteins, a 46-kDa staphylococcal lipase, was likely responsible for the induction of TNF-a and IL-10 from human monocytes alone in the absence of T cells, a biologic activity which was falsely attributed to purified TSST-1. We demonstrated that induction of both TNF-a and IL-11 in human monocytes could be detected only if T cells were also present and in physical contact with the monocytes (34) . The induction of IL-6 was also dramatically enhanced compared with that in controls only in the presence of both T cells and monocytes. After further purification to homogeneity by a chromatofocusing step, we observed that the further purified commercial TSST-1, like our purified TSST-1, also required the presence of both monocytes and T cells for TNF-a induction. Finally, we showed conclusively that the presence of impurities in the commercial TSST-1 preparation, subsequently identified by N-terminal amino acid sequence analysis to be a staphylococcal lipase, was responsible for the induction of TNF-a in human monocytes alone in the absence of T cells.
Trede et al. (35) recently reported that a commercial TSST-1 preparation (also from Toxin Technology Inc.) induced transcriptional activation of TNF-a and IL-11 genes in human monocytes and the monocytic cell line THP-1. We confirmed this finding with the commercial TSST-1 preparation (data not shown), but were unable to induce either TNF-ot or IL-1lB from human monocytes alone when stimulated with our purified TSST-1 (34) . Other investigators who did not use the commercial TSST-1 preparation have also reported the production of TNF-a, and IL-1l in human monocytes alone in the absence of T cells (8, 13, 21, 22, 32) . The discrepancy between our results and those of the other workers may lie in the purity of fractionated monocytes (e.g., contamination with T cells) as well as in the purity of TSST-1 preparations. Importantly, those authors used plas-tic adherence-purified monocytes for the induction of TNF and IL-1 by TSST-1. Thus, a few contaminating T cells in the monocyte preparations may be sufficient for triggering TNF and IL-1 production in response to the toxin. We routinely fractionate our monocytes from human PBMCs first by rosetting with sheep erythrocytes to separate T cell and non-T cell populations and subsequently by density centrifugation over Percoll. The purities of our monocyte preparations were .95% as assessed by nonspecific esterase staining and flow cytometric analysis. Finally, we demonstrated conclusively by using the monocytic cell line THP-1, which eliminated any possibility of T cell contamination, that purified TSST-1 is unable to induce the production of TNF-a or IL-lp in the absence of T cells, while the commercial TSST-1 preparation can (15a) .
Our findings are in agreement with those observed with another superantigen, staphylococcal enterotoxin A, in which TNF and IL-1 production in human monocytes are also T cell dependent (10, 11) . These findings further emphasize the critical importance of using highly purified preparations for studies of the biologic activities of these potent members of the superantigen family.
Here, we described a simplified, further improved, and more rapid procedure for the purification of TSST-1 with a Rotofor cell for PIEF and then chromatofocusing of culture supematants. Since both of these purification steps are based in part on the pI of TSST-1, there is the possibility that two different proteins with the same pI could be copurified by our procedure. This did not occur with S. aureus MN8, since a single homogeneous 22-kDa protein was visualized either by silver staining after SDS-PAGE (after loading 50 ,ug of protein), by immunoblotting with polyclonal rabbit antiserum raised against the crude culture supematant of S. aureus MN8, or by autoradiography after iodination and SDS-PAGE. This improved purification method was comparable to our previous procedure modified from that of Igarashi et al. (12) in producing a similar yield of highly purified TSST-1, but our procedure is more rapid and less labor intensive. The time requirement for purifying 10 to 15 mg of TSST-1 was shortened considerably, from 4 weeks by the ion-exchange and chromatofocusing procedure down to 7 to 10 days by the current procedure. Furthermore, the final yield was threefold higher than that achieved with an earlier method, also described by us, using ion-exchange chromatography, gel filtration, reverse-phase high-performance liquid chromatography, and preparative SDS-PAGE (29) . The ready availability of highly purified TSST-1 preparations by these techniques should greatly facilitate ongoing studies for the further elucidation of the biologic properties of this staphylococcal exoprotein and its putative role in the pathogenesis of TSS.
